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Experimental study
Mechanical propertyCarbon nanotubes (CNT) and short carbon ﬁbers were incorporated into an epoxy matrix to fabricate a
high performance multiscale composite. To improve the stress transfer between epoxy and carbon ﬁbers,
CNT were also grown on ﬁbers through chemical vapor deposition (CVD) method to produce CNT grown
short carbon ﬁbers (CSCF). Mechanical characterization of composites was performed to investigate the
synergy effects of CNT and CSCF in the epoxy matrix. The multiscale composites revealed signiﬁcant
improvement in elastic and storage modulus, strength as well as impact resistance in comparison to
CNT–epoxy or CSCF–epoxy composites. An optimum content of CNT was found which provided the
maximum stiffness and strength. The synergic reinforcing effects of combined ﬁllers were analyzed on
the fracture surface of composites through optical and scanning electron microscopy (SEM).
 2014 Elsevier Ltd. All rights reserved.1. Introduction
In the last decades, the use of carbon nanotubes (CNT) as nano-
ﬁller in polymer composites has been examined for many applica-
tions [1,2]. CNT with exceptional mechanical properties as well as
high ratio of surface to volume have shown remarkable reinforce-
ment effects in composites [3,4]. Very low portion of CNT in these
nanocomposites has often caused a signiﬁcant improvement in
mechanical properties [5–7] whilst the polymer attributes of low
density and simplicity in processing were maintained [8,9]. How-
ever full exploitation of CNT reinforcement has not been entirely
successful in nanocomposites because of the restrictions related
to the homogeneous dispersion of aggregated nanotubes [10,11].
The reinforcement efﬁciency of CNT in a matrix depends on
content fraction of ﬁllers, dispersion morphology, types of bonding
with surrounding polymer, aspect ratio as well as waviness of
nanotubes [12]. An appropriate level of CNT dispersion is often
achieved through severe ultrasonication or shear mixing in three
rolls process. Otherwise aggregation of CNT creates defect sites
which decline the mechanical properties of nanocomposite [13,14].Grafting of nanoparticles onto the ﬁller surface was introduced
as another technique to produce a multiscale reinforcement. This
technique improves stress transfer between ﬁller and matrix
whilst reduces dispersing challenge. The load transfer between
ﬁller and matrix is inﬂuenced by the characteristics of interphase
region. The physicochemical properties of ﬁller, matrix and nano-
particles can determine the nature of this transition phase [15].
Carbon ﬁber as high strength reinforcement has incorporated
widely in advanced composite. However inert surface of carbon
ﬁber has led to weak adhesion of ﬁber/matrix. Therefore, various
types of surface treatment were suggested to improve its adhesion
[16]. Growing CNT on carbon ﬁber has demonstrated high poten-
tial to produce a modiﬁed ﬁber/matrix interphase. Mechanical
anchoring of CNT forest grown on carbon ﬁber to the matrix and
their molecular interaction are the factors which improve the
adhesion of ﬁber and polymer [17]. Furthermore grafting CNT on
carbon ﬁbers has been reported as a new procedure to prepare
appropriate dispersion of nanomaterials in the matrix [18].
Dichiara et al. [19] produced a hybrid ﬁller via growing CNT on
the graphene nanoplatelets. They reported better dispersion of
CNT–graphene ﬁllers and increased interfacial adhesion with the
matrix. Rahmanian et al. [18] illustrated a signiﬁcant increase in
tensile, ﬂexural and impact strength of CNT grown short ﬁber–
polypropylene composite. Introduction of a combination of CNF
and short carbon ﬁber into an epoxy matrix by Zhang et al. [20]
led to the enhancement of tensile and fracture properties of hybrid
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CNT on alumina microparticles was suggested by He et al.
[21,22] to improve mechanical and electrical properties of polymer
composites.
In general, the dispersion of the CNT in polymer or grafting
nanotubes onto microﬁllers were two common approaches which
have been reported in literatures. However, the addition of both
CNT and microﬁllers was rarely paid attention. Individual incorpo-
ration of nanoﬁllers or microﬁllers into a polymer resin has dem-
onstrated improvement in some mechanical properties while
impaired other. Short carbon ﬁber (SCF) with micro-diameter has
been found as efﬁcient microﬁller to enhance elastic modulus
and fracture toughness of polymer matrix. However, such
enhancement has occurred with a noticeable decrease of tensile
strength as well as fracture strain [23]. In contrast CNT–polymer
composites often displayed a moderate improvement of mechani-
cal properties in many literatures [2]. Hence the simultaneous
addition of both CNT and SCF into polymer matrix can act as a
new method to make an advanced composite with higher
performance.
In the current study, CNT with nano and CNT grown short car-
bon ﬁber (CSCF) with micro dimensions were incorporated simul-
taneously into an epoxy matrix to fabricate a high performance
multiscale composite (CNT–CSCF–epoxy). Conventional CSCF–
epoxy and CNT–epoxy composites were made and compared with
CSCF–CNT–epoxy. Tensile and impact tests as well as dynamic
mechanical analysis (DMA) were employed to investigate the
cooperative inﬂuence of multiscale ﬁllers on mechanical behavior
of the epoxy resin. The fracture surfaces of multiscale composites
were investigated through light microscopy and scanning electron
microscopy (SEM) to study the structural evolution of samples
after tests.
2. Experimental study
2.1. Materials
Epoxy resin was selected as matrix because it is a desirable
resin in the composite industry due to its good stiffness, strength,
chemical resistance as well as dimensional stability. The thermoset
matrix used in this study was a commercially available epoxy resin
denominated as EpoxAmite purchased from Smooth-On, Inc. It is
two parts and low viscosity epoxy with a mix ratio of 100:28.4
by weight. The characteristics of neat epoxy have been presented
in Table 1. Unsized Polyacrylonitrile (PAN)-based carbon ﬁbers
with a diameter of 7 lm were provided by Toho Tenax Co., Ltd. A
bundle of carbon ﬁbers was chopped into 1 mm short ﬁber by
use of a universal cutting mill machine (Pulverisette 19). The pre-
pared SCF would be utilized in a chemical vapor deposition (CVD)
process to synthesize CNT grown SCF (CSCF).
Multiwall carbon nanotubes were supplied by Hangzhou Co.
China which were produced through the catalyzed chemical vapor
deposition method with a diameter between 20 and 40 nm.
2.2. Synthesis of CSCF
Growth of CNT on SCF was performed according to the previ-
ously reported method [24]. Brieﬂy, the process included acid
treatment of SCF in nitric acid to create functional groups on theTable 1
Characteristics of neat epoxy.
Hardener type Mix ratio
by volume
M
v
4,40 Methylenebiscyclohexanamine and polypropylene triamine 3:1 6ﬁber surface. After washing, the ﬁbers immersed in iron nitrate-
ethanol solution and followed by ultrasonication for 1 h. The
obtained SCF was calcinated to remove nitrate components and
make the desired catalyst coating on the surface of SCF. CNT grow-
ing was performed through the CVD process at 700 C during
45 min while benzene was served as hydrocarbon source.2.3. CNT functionalization
To provide a stable dispersion of nanotubes, some additional
surface treatment such as CNT oxidation should be carried out
[25,26]. Acid treatment as an efﬁcient approach of CNT functional-
ization was conducted in a three necked ﬂask which was equipped
with a condenser. The 0.5 g of as received CNT was soaked in
200 ml of concentrated nitric acid and sulfuric acid with the ratio
of 3:1 respectively and held for 1 h at boiling temperature. After
cooling the ﬂask, the mixture was ﬁltered via vacuum-assisted ﬁl-
tration and washed several times with plenty of distilled water to
get a pH value of around 7. Finally, the obtained functionalized CNT
were dried in a vacuum oven at 70 C for 24 h.2.4. Composites fabrication
Homogenous dispersion of CNT in thermoset resins is a critical
aspect of making nanocomposites which is usually achieved via
three roll mill or ultrasonication techniques. In this research,
0.2 g of functionalized CNT was dispersed in 50 ml acetone by
use of an ultrasonic bath for 1 h. Then the mixture was added to
the epoxy by magnetic stirring at 80 C to remove most of the ace-
tone. The CNT contents were controlled between 0.2 and 0.5 wt.%.
To make multiscale composites, predetermined amount of CSCF
equal to 1 and 3 wt.% of the composite was combined with CNT–
epoxy by using an overhead stirrer. The produced mixture was
ultrasonically agitated for further 1 h followed by degassing in a
vacuum oven. Subsequent to adding the required amount of hard-
ener, the composite was cast in some aluminum molds and cured
at room temperature for 24 h.2.5. Instrumental analysis
Tensile tests were carried out following the ASTM: D638 stan-
dard at room temperature (23 C). Five dumbbell-shaped speci-
mens with thickness of 3 mm were tested for each category of
composites and the average value was reported. The performed
tests were conducted on a 5 kN Instron Universal Testing Machine
with crosshead speed of 0.5 mm/min.
Dynamical mechanical tests were performed by a DMA Q800 TA
Instrument to determine the storage modulus, tand as well as glass
transition temperatures. The samples with dimensions of 60 mm
long  12 mm wide  3 mm thick were examined in the appropri-
ate mode of three point bending, with oscillatory frequency of 1 Hz
from 30 to 150 C at controlled heating rate of 3 C/min in the air.
The impact resistances of composites were evaluated on an
Instron Impact tester machine. According to ASTM: D256, Izod im-
pact tests were performed with an energy level of 0.5 J at room
temperature. Five specimens with dimensions 64 mm
long  12.7 mm wide  3 mm thick and 2 mm depth of V-shape
notch were examined for each set of composites.ixed
iscosity-CPS.
Ultimate tensile
strength (MPa)
Tensile modulus (GPa) Heat deﬂection
temp. (C)
50 55 1.75 53
36 S. Rahmanian et al. /Materials and Design 60 (2014) 34–40Morphology of the fracture surface of samples after impact tests
were observed in an optical microscope (Leica MS5). A scanning
electron microscope (Hitachi S-3400 N) was employed to investi-
gate the microstructure and fracture morphology of multiscale
composites.3. Results and discussion
3.1. Tensile properties
In Fig. 1(a), typical stress–strain responses of the neat epoxy
and three nanocomposites with the reinforcement content of
0.2%CNT, 1%CSCF–0.3%CNT and 3%CSCF–0.3%CNT are illustrated.
The presented curves demonstrate obvious changes in the mechan-
ical behavior of the epoxy under quasi-static tensile loading. The
graphs of reinforced epoxy display enhancement of elastic modu-
lus and ultimate tensile strength with a decrease in the plastic
region in comparison to the neat epoxy. The obtained results of
the tensile tests of epoxy and composites with different ﬁller con-
tents are presented in Fig. 1(b)–(d).
First the effect of adding low content of CNT or CSCF to the
epoxy matrix were compared. The incorporation of 0.2 wt.% CNT
to the epoxy matrix did not show notable enhancement of elastic
modulus and only modest improvement of tensile strength was
achieved. In contrast, incorporation of 1 wt.% CSCF increased both
modulus and ultimate tensile strength moderately with improve-
ments higher than CNT–epoxy. However, the fracture strain de-
clined signiﬁcantly in the case of CSCF–epoxy while CNT
reinforcement did not change it noticeably. Incorporation ofFig. 1. Tensile properties of the neat epoxy and the composites with different contents
tensile strength, and (d) fracture strain.1 wt.% CSCF with CNT–epoxy led to fabrication of multiscale com-
posites which show a remarkable increase of both modulus and
strength compared to the baseline epoxy. Modulus and strength
of 0.2%CNT–1%CSCF composite has been raised to 2.37 GPa and
75.49 MPa respectively in comparison with 1.75 GPa and 55 MPa
for the baseline epoxy.
The maximum improvements of these two results were
achieved for 0.3%CNT–1%CSCF composite with enhancement of
38.8% in elastic modulus as well as 37.3% in strength. Additional
portions of CNT to 0.4 wt.% and 0.5 wt.% lowered tensile properties
gradually which can be related to the dispersion morphology of
CNT in the epoxy matrix. By increasing the CNT content, the prob-
ability of creating CNT aggregation is intensiﬁed which results in
strength deterioration.
To clarify the function of microﬁllers, 3%CSCF–0.3%CNT com-
posite was examined. Higher content of CSCF caused an elastic
modulus 50% higher than the baseline epoxy, whereas its strength
was impaired slightly relative to 1%CSCF–0.3%CNT composite. Frac-
ture strains of multiscale composites as another parameter of ten-
sile tests are shown in Fig. 1(d). Although CSCF noticeably
decreased the fracture strain, combining with a speciﬁc amount
of CNT could restore it to some extent.
For the multiscale composites with 1% CSCF, all of the
mentioned tensile properties were enhanced with increasing CNT
contents to an optimum amount and following by a reduction at
higher portions. Such trend of mechanical properties is in agree-
ment with other literature about CNT composites which is
explained by the dispersion morphology of nanotubes [1,3]. In
the current study, ultrasonication process was performed to sepa-
rate individual tubes from the outer surface of agglomerated CNT.of CNT and CSCF (a) typical stress–strain curves, (b) tensile modulus, (c) ultimate
Table 2
The related properties of reinforcements and matrix as input values for HT-model.
Materials Elastic modulus (GPa) Aspect ratio Density (g/cm3)
CNT 450 50 1.7
CSCF 210 100 1.8
Epoxy 1.75 1.1
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the same for all types of composites with different contents of
nanotubes.
Indeed the sonication parameters considerably inﬂuence the
dispersion of CNT in the epoxy [10]. Therefore, this suggests that
the set parameters of ultrasonic bath were proper to disperse
nanotubes until the CNT portion of 0.3 wt.%. By increasing ﬁllers
with higher contents of 0.4 as well as 0.5 wt.%, some agglomerated
CNT remained in the epoxy and deteriorate the mechanical
properties.
The acquired results from tensile tests demonstrate synergic
effects of CNT and CSCF on the tensile properties of epoxy. Accord-
ing to the literatures, low content of CNT ﬁllers does not inﬂuence
the composite stiffness marginally [20]. However, its combination
with CSCF in this research provided a raise in stiffness which can
be interpreted by high stiffness of microﬁllers. Mixing the CNT into
the epoxy matrix can improve the stress transfer to the carbon
ﬁbers and consequently promote the reinforcement efﬁciency of
ﬁbers.
On the other hand, the tips of CSCF appear as stress concentra-
tion points and act as failure initiation regions which consequently
decrease the ductility of epoxy. Whereas the combination of the
CNT and CSCF led to improvement in ductility since CNT ﬁllers pos-
sess the capability to hinder crack initiation and propagation.
Whereas nanoﬁllers are dispersed in the matrix, progress of cracks
involves breaking/pulling out of CNT ﬁllers or deﬂection in the
crack path which lead to higher fracture energy and fracture strain.
The experimental results of elastic modulus were compared
with the predicted results of empirical modeling. An accepted
and extensively adopted model to estimate the stiffness of short ﬁ-
ber-composite is the Halpin–Tsai (HT) equation. The HT model cor-
relates stiffness of the composite with elastic modulus of matrix
and reinforcement as well as their volume contents and geome-
tries. This model has been developed to predict the elastic modulus
of composites with unidirectional or randomly distributed ﬁbers.
In this calculation, CNT and CSCF were assumed as short ﬁber with
both unidirectional orientation and random distribution in the
epoxy matrix. By considering the incorporation of two types of
reinforcements within the matrix, the HT equations can be
modiﬁed according to the following equations [27]:
Erand ¼ 38
1þ2 ARCNTð ÞgLVCNT þ2 ARCSCFð ÞfLVCSCF
1gLVCNT  fLVCSCF
þ5
8
1þ2gTVCNT þ2fTVCSCF
1gTVCNT  fTVCSCF
 
EM
ð1ÞEparal ¼ 1þ 2 ARCNTð ÞgLVCNT þ 2 ARCSCFð ÞfLVCSCF1 gLVCNT  fLVCSCF
 
 EM ð2ÞgL ¼
ECNT=EMð Þ  1
ECNT=EM þ 2ARCNT ð3ÞgL ¼
ECNT=EMð Þ  1
ECNT=EM þ 2 ð4ÞfL ¼
ECSCF=EMð Þ  1
ECSCF=EM þ 2ARCSCF ð5ÞFig. 2. Comparison of experimental results with the values of HT model.fL ¼
ECF=EMð Þ  1
ECF=EM þ 2 ð6Þ
In the mentioned Halpin–Tsai equation, Erand and Eparal denote
the elastic modulus of the composite with randomly distributed
and unidirectionally oriented reinforcements, respectively. ECNT,
ECSCF and EM represent the elastic modulus of CNT, CSCF and epoxy
matrix. ARCNT and ARCSCF are the aspect ratio (the ratio of length tothe cross-sectional dimension) of CNT and CSCF, respectively. The
related properties of the reinforcements are summarized in Table 2
and fed into the model as input data.
The modiﬁed-HT model was performed to calculate the elastic
modulus of multiscale composites with 1 wt.% CSCF and different
contents of CNT. The obtained results based on the two presumed
dispersion of ﬁllers were compared with our experimental values
as shown in Fig. 2. Although the fabrication process of composite
dispersed the ﬁllers with random conﬁguration, the experimental
results are seen to reach the modeling results with parallel orien-
tation until 0.3 wt.% CNT content. Higher contents of CNT reduced
the elastic modulus of composites because of nanotube agglomer-
ation. However, agglomeration occurrence was not considered in
HT equations and consequently, the predicted graphs increased
continuously. It is suggested that CNT grown on SCF contribute
effectively to the higher elastic modulus. In addition, it is deduced
that CNT and CSCF can be considered to provide effective synergic
inﬂuence on improving the tensile properties of multiscale
composites.
3.2. Thermomechanical properties
Figs. 3 and 4 present the results of DMA of the neat and compos-
ites with different content of CNT and CSCF. DMA tests measure the
storage modulus and loss modulus of a material which portray the
ability of a composite to store or dissipate energy respectively. The
ratio of these parameters is nominated as loss factor (tand) which
is used to determine glass transition temperature [28,29]. As obvi-
ous in Fig. 3, all samples have shown high storage modulus at room
temperature followed by signiﬁcant drops in the range of 60–80 C
as a result of glass transition. The storage modulus of epoxy at
30 C was increased from 1858 MPa to 2271 MPa by addition of
1 wt.% CSCF to the matrix while inclusion of 0.2 wt.% CNT does
not change it noticeably. However, the incorporation of both CSCF
and CNT reinforcements in the epoxy matrix depicted synergic
Fig. 3. Storage modulus, E0 (MPa) of the neat epoxy and the composites with
different contents of CNT and CSCF.
Fig. 4. Loss factor (tand) of the neat epoxy and the composites with different
contents of CNT and CSCF.
Fig. 5. Izod impact strength of the neat epoxy and the composites with different
contents of CNT and CSCF.
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0.3%CNT–1%CSCF composite.
Additional enhancement of CNT content to 0.4 wt.% and 0.5 wt.%
of the multiscale composites led to a decline in the modulus most
likely due to the agglomeration of nanotubes. In comparison to
the glassy region, not only CSCF or CNT but also their combination
could not change the rubbery modulus of composites. The curves of
loss factor (tand) of samples versus temperature are shown in
Fig. 4. The apparent peaks in these graphs point out the glass tran-
sition temperature (Tg) of the investigated samples which are all
located around 70 C with similar height in the tand graphs.It might be expected that CSCF and functionalized CNT hinder
the mobility of polymer chains around Tg temperature. However,
it is deduced in this study that CSCF and CNT, have not inﬂuenced
the relaxation behavior of epoxy and mobility of the polymer
chains in the glass transition region. Furthermore, the interfacial
interaction of ﬁbers and nanotubes could not limit the potential
movement of matrix and shift the Tg. Similar phenomena were re-
ported by other researchers [30,31] which was explained by the
nature of the polymer matrix, polymerization of epoxy and ineffec-
tive performance of functional groups in the glass transition
situation.
3.3. Impact properties
The role of CSCF and CNT contents on impact behavior of epoxy
composites is displayed in Fig. 5. The impact strength of 0.2%CNT–
epoxy reached 1.67 kJ/m2, whereas the epoxy ﬁlled by 1%CSCF was
strengthened in impact resistance up to 1.95 kJ/m2 equivalent to
38% improvement. The composite with multiscale reinforcements
of 0.2%CNT–1%CSCF showed a slightly better enhancement than
1%CSCF–epoxy composite. Incorporation of additional CNT up to
0.5 wt.% fraction did not change the results noticeably indicating
that the microﬁbers play the main role in the composite capacity
to absorb impact energy. Unlike the CNT, increasing the CSCF con-
tent of 0.2%CNT–epoxy to 3 wt.% led to the maximum impact
strength of this study with 56% improvement for 0.2%CNT–
3%CSCF–epoxy.
Several factors are noted on impact strength of short ﬁber com-
posites which can be categorized into plastic deformation of ﬁber/
matrix, fracture of ﬁber/matrix as well as ﬁber pull out/debonding
[32]. Further observation of the fractured surfaces from the impact
tests was carried out using optical microscopy. Optical micro-
graphs of composites after impact tests are presented in Fig. 6. It
can be distinguished that the fracture surface of neat epoxy
(Fig. 6(a)) has progressed along a straight line with a curve deﬂec-
tion at the end, and in the middle for 0.2% CNT composite
(Fig. 6(b)). The fracture lines of the other composites (Fig. 6(c)
and (d)) were subjected to several deﬂections in the crack path
which could affect the impact energy.
Fig. 5 shows that CNT ﬁllers affected the impact strength of
multiscale composites slightly. This experimental result is in
agreement with previous studies [33,34] on the impact property
of CNT–epoxy composites. Contribution of low contents of
nanotubes usually have not changed the impact strength of epoxy.
However, the nanocomposites with CNT contents higher than
0.5 wt.% demonstrated considerable changes in impact property
[35].
Compared to the tensile test with low loading rate, impact test
applied a high strain rate to the multiscale composites. In high
strain rate, stress transfer between CNT and epoxy is not as effec-
tive as tensile tests. It was demonstrated that by grafting amino
[33] and triethylenetetramine [34] groups to CNT the impact
strength of epoxy composites was increased noticeably. It can be
deduced that effective bonding of CNT and epoxy as well as an
appropriate portion of ﬁllers are important factors to improve
the impact strength of composites.
The inﬂuences of CSCF and CNT on the mechanical properties of
composites were further clariﬁed through the SEM images of the
fracture surfaces as shown in Fig. 7. The fracture surface of baseline
epoxy is observable in Fig. 7(a) which indicates smooth surface
with groove patterns. The groove pattern matches the direction
of crack propagation which is indicated by an arrow in Fig. 7(a).
Such features of the fracture surface represent the brittle behavior
of neat epoxy.
The surface of 1% CSCF composite after fracture is shown in
Fig. 7(b). A rough surface comprised of some cavities and stretched
Fig. 6. Optical micrographs of the specimens after impact tests, (a) neat epoxy, (b) 0.2%CNT–epoxy, (c) 1%CSCF–epoxy, and (d) 1%CSCF–0.2%CNT–epoxy.
Fig. 7. Fracture surfaces of (a) neat epoxy, (b) 1%CSCF–epoxy, (c) 0.2%CNT–epoxy, and (d) 1%CSCF–0.3%CNT–epoxy.
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the brittleness. Incorporated CSCF with high modulus and strength
can constrain the surrounding epoxy matrix. Moreover, CSCF tips
are the stress concentration points with the capability to start frac-
ture. Therefore, it leads to impairing the ductility and declining the
ultimate elongation of composite but in contrast enhancement of
modulus and strength.
Fig. 7(c) indicates a rough surface with a ‘ﬁsh’s scales’ appear-
ance for the 0.2% CNT composite. The formation of the numerous
sub-regions with few micron dimensions and different directionsof crack propagation implies a ductile fracture. The inset image
in Fig. 7(c) conﬁrms that acid treated CNT were spread homoge-
neously and randomly in the epoxy matrix. Such homogenous dis-
persion of CNT can be explained as a result of CNT
functionalization and ultrasonication process. The well dispersed
nanotubes linked to each other and formed a reinforcing network
in the matrix to promote composite strength and energy absorbing
capacity. A combination of micro and nanoﬁllers with the content
of 0.3%CNT–1%CSCF provided different fracture surface of
composite. As demonstrated in Fig. 7(d), it exploits the mentioned
40 S. Rahmanian et al. /Materials and Design 60 (2014) 34–40advantages of short ﬁber accommodated with ductile matrix. In
comparison to 1%CSCF composite, the surrounding epoxy was
formed roughly because of the presence of nanotubes network.
4. Conclusions
Multiscale composites were fabricated through low ﬁller con-
tents of both micro and nano reinforcements using CSCF and
CNT. The prepared multiscale composites were compared with
the epoxy reinforced solely with CNT or CSCF. The fraction content
of CNT varied from 0.2 to 0.5 wt.% of composites combined with 1%
and 3 wt.% of CSCF. Synergic performance of CNT and CSCF was
studied on tensile, thermomechanical and impact properties of
multiscale composites. Both tensile strength and modulus of mul-
tiscale composites were increased noticeably in comparison to
CNT–epoxy or CSCF–epoxy composites. Whereas the fracture
strain of epoxy decreased severely by incorporation of CSCF in
the epoxy matrix, the obtained multiscale composite presented a
moderate decline. DMA tests demonstrated a similar Tg for all
samples, but signiﬁcant increase of storage modulus for multiscale
composites. However CNT content more than 0.3 wt.% led to mod-
est declining of modulus and strength as a result of CNT agglomer-
ation. Another improvement of mechanical properties was
achieved on the impact strength for CNT–CSCF–epoxy composites
while the impact strength did not change considerably by increas-
ing the CNT content. SEM images of the fracture surface of compos-
ites revealed the synergic effect of CNT and CSCF on the structural
properties of the composites.
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